INTRODUCTION
In 2002, Paul Crutzen, the Nobel Prize-winning chemist, suggested that we had left the Holocene and had entered a new Epoch-the Anthropocene-because of the global environmental effects of increased human population and economic development. The term has entered the geological literature informally (e.g., Steffen et al., 2004; Syvitski et al., 2005; Crossland, 2005; Andersson et al., 2005) to denote the contemporary global environment dominated by human activity. Here, members of the Stratigraphy Commission of the Geological Society of London amplify and extend the discussion of the effects referred to by Crutzen and then apply the same criteria used to set up new epochs to ask whether there really is justification or need for a new term, and if so, where and how its boundary might be placed.
THE HOLOCENE
The Holocene is the latest of many Quaternary interglacial phases and the only one to be accorded the status of an epoch; it is also the only unit in the whole of the Phanerozoic-the past 542 m.y.-whose base is defined in terms of numbers of years from the present, taken as 10,000 radiocarbon years before 1950. The bases of all other periods, epochs, and ages from the Cambrian onward are defined by-or shortly will be defined by-"golden spikes" (Gradstein et al., 2004) , in which a suitable section is chosen as a Global Stratotype Section, the "golden spike" being placed at an agreed point within it, giving rise to a Global Stratigraphic Section and Point, or GSSP.
To bring the definition of the base of the Holocene into line with all other Phanerozoic boundaries, there are intentions to create a GSSP for the base of the Holocene in an ice core, specifically in the North Greenland Ice Core Project (NGRIP) ice core, at the beginning of an interval at which deuterium values (a proxy for local air temperature) rise, an event rapidly followed by a marked decrease in dust levels and an increase in ice layer thickness (ICS, 2006) . This level lies very near the beginning of the changes that ushered in interglacial conditions, but is some 1700 yr older than the current definition for the base of the Holocene. One might question whether ice is a suitably permanent material, but in this instance it is important that the GSSP is a tangible horizon within a stratigraphic sequence, a "time plane" marking an elapsed, distinctive, and correlatable geological event rather than an arbitrary or "abstract" numerical age. We note here, though (and discuss further below), that this logic need not necessarily be followed in any putative definition of the beginning of the Anthropocene.
The early Holocene was a time of pronounced rises in global temperature, stabilizing at ca. 11,000 cal. yr B.P., and sea level, stabilizing at ca. 8000 cal. yr B.P. (Fig. 1) . Temperatures and sea level then reached a marked plateau where they have, until very recently, remained. This climate plateau, though modulated by millennial-scale global temperature oscillations of ~1 °C amplitude, represents the longest interval of stability of climate and sea level in at least the past 400,000 yr. This stability has been a significant factor in the development of human civilization.
HUMAN INFLUENCE ON HOLOCENE CLIMATE AND ENVIRONMENT
Prior to the Industrial Revolution, the global human population was some 300 million at A.D. 1000, 500 million at A.D. 1500, and 790 million by A.D. 1750 (United Nations, 1999 , and exploitation of energy was limited mostly to firewood and muscle power. Evidence recorded in Holocene strata indicates increasing levels of human influence, though human remains and artifacts are mostly rare. Stratigraphic signals from the mid-part of the epoch in areas settled by humans are predominantly biotic (pollen of weeds and cultivars following land clearance for agriculture) with more ambiguous sedimentary signals (such as sediment pulses from deforested regions). Atmospheric lead pollution is registered in polar ice caps and peat bog deposits from Greco-Roman times onward (Dunlap et al., 1999; Paula and Geraldes, 2003) , and it has been argued that the early to mid-Holocene increase in atmospheric carbon dioxide from ~260-280 ppm, a factor in the climatic warmth of this interval, resulted from forest clearance by humans (Ruddiman, 2003) . Human activity then may help characterize Holocene strata, but it did not create new, global environmental conditions that could translate into a fundamentally different stratigraphic signal.
From the beginning of the Industrial Revolution to the present day, global human population has climbed rapidly from under a billion to its current 6.5 billion (Fig. 1) , and it continues to rise. The exploitation of coal, oil, and gas in particular has enabled planet-wide industrialization, construction, and mass transport, the ensuing changes encompassing a wide variety of phenomena, summarized as follows.
Changes to Physical Sedimentation
Humans have caused a dramatic increase in erosion and the denudation of the continents, both directly, through agriculture and construction, and indirectly, by damming most major rivers, that now exceeds natural sediment production by an order of magnitude (Hooke, 2000; Wilkinson, 2005; Syvitski et al., 2005; see Fig. 1 ). This equates to a distinct lithostratigraphic signal, particularly when considered alongside the preservable human artifacts (e.g., the "Made Ground" of British Geological Survey maps) associated with accelerated industrialization.
Carbon Cycle Perturbation and Temperature
Carbon dioxide levels (379 ppm in 2005) are over a third higher than in pre-industrial times and at any time in the past 0.9 m.y. (IPCC, 2007; EPICA community members, 2004) . Conservatively, these levels are predicted to double by the end of the twenty-first century (IPCC, 2007) . Methane concentrations in the atmosphere have already roughly doubled. These changes have been considerably more rapid than those associated with glacial-interglacial transitions ( Fig. 1 ; cf. Monnin et al., 2001) .
Global temperature has lagged behind this increase in greenhouse gas levels, perhaps as a result of industrially derived sulfate aerosols (the "global dimming" effect; Coakley, 2005) . Nevertheless, temperatures in the past century rose overall, the rate of increase accelerating in the past two decades (Fig. 1) . There is now scientific consensus that anthropogenic carbon emissions are the cause (King, 2004; IPCC, 2007) . Temperature is predicted to rise by 1.1 °C to 6.4 °C by the end of this century (IPCC, 2007) , leading to global temperatures not encountered since the Tertiary. The predicted temperatures are similar to the estimated 5 °C average global temperature rises in the Toarcian (ca. 180 Ma) and at the Paleocene-Eocene thermal maximum (PETM, ca. 56 Ma), which were most probably linked to natural carbon releases into the atmosphere Kemp et al., 2005) . While the likely societal effects are clear, in our present analysis we focus on the stratigraphic consequences of increased temperature.
Biotic Change
Humans have caused extinctions of animal and plant species, possibly as early as the late Pleistocene, with the disappearance of a large proportion of the terrestrial megafauna (Barnosky et al., 2004) . Accelerated extinctions and biotic population declines on land have spread into the shallow seas, notably on coral reefs (Bellwood et al., 2004 ) and the oceans (Baum et al., 2003; Myers and Worm, 2003) . The rate of biotic change may produce a major extinction event (Wilson, 2002) analogous to those that took place at the K-T boundary and elsewhere in the stratigraphic column.
The projected temperature rise will certainly cause changes in habitat beyond environmental tolerance for many taxa (Thomas et al., 2004) . The effects will be more severe than in past glacialinterglacial transitions because, with the anthropogenic fragmentation of natural ecosystems, "escape" routes are fewer.
The combination of extinctions, global species migrations (Cox, 2004) , and the widespread replacement of natural vegetation with agricultural monocultures is producing a distinctive contemporary biostratigraphic signal. These effects are permanent, as future evolution will take place from surviving (and frequently anthropogenically relocated) stocks.
Ocean Changes
Pre-industrial mid-to late Holocene sea-level stability has followed an ~120 m rise from the late Pleistocene level (Fig. 1 ). Slight rises in sea level have been noted over the past century, ascribed to a combination of ice melt and thermal expansion of the oceans (IPCC, 2007) . The rate and extent of near-future sealevel rise depends on a range of factors that affect snow production and ice melt; the IPCC (2007) predicted a 0.19-0.58 m rise by 2100. This prediction does not factor in recent evidence of dynamic ice-sheet behavior and accelerating ice loss (Rignot and Thomas, 2002; Overpeck et al., 2006; Hansen et al., 2007) possibly analogous to those preceding "Heinrich events" of the late Pleistocene and early Holocene, when repeated episodes of ice-sheet collapse (Bond et al., 1992 ) caused concomitant rapid sea-level rise (Blanchon and Shaw, 1995) . Current predictions are short-term, while changes to the final equilibrium state may be as large as a 10-30 m sea-level rise per 1 °C temperature rise (Rahmstorf, 2007) .
Relative to pre-Industrial Revolution oceans, surface ocean waters are now 0.1 pH units more acidic due to anthropogenic carbon release (Caldeira and Wickett, 2003) , a change echoed in the stable carbon isotope composition of contemporary foraminiferal tests (Al-Rousan et al., 2004) . The future amount of this acidification, scaled to projected future carbon emissions, its spread through the ocean water column, and its eventual neutralization (over many millennia) has been modeled (Barker et al., 2003) . Projected effects will be physical (neutralization of the excess acid by dissolution of ocean-floor carbonate sediment, hence creating a widespread non sequence) and biological (hindering carbonate-secreting organisms in building their skeletons), with potentially severe effects in both benthic (especially coral reef) and planktonic settings (Riebesell et al., 2000; Orr et al., 2005) . A similar acidification event accompanied the PETM at ca. 56 Ma, and, indeed, its effect in dissolving strata has hindered the precise deciphering of that event (Zachos et al., 2005) .
COMPARISON WITH PREVIOUS INTERGLACIALS
The sensitivity of climate to greenhouse gases, and the scale of (historically) modern biotic change, makes it likely that we have entered a stratigraphic interval without close parallel in any previous Quaternary interglacial. The nearest parallels seem to be earlier episodes of high atmospheric pCO 2 and global warming (e.g., Toarcian; the PETM), but the ice volumes then were small, and melting caused only modest sea-level rises (~20 m at the PETM, partly through thermal expansion; Speijer and Marsi, 2002; Speijer and Wagner, 2002) . The midPliocene, at 3 Ma, may be a closer analogue: atmospheric pCO 2 levels may have reached 380 ppm, and the polar ice caps were somewhat smaller than present, with global sea level higher by 10-20 m (Dowsett et al., 1999; Dowsett, 2007) .
The present interval might evolve into the "super-interglacial" envisaged by Broecker (1987) , with Earth reverting to climates and sea levels last seen in warmer phases of the Miocene or Pliocene (Haywood et al., 2005) , most likely achieved via a geologically abrupt rearrangement of the ocean-atmosphere system (Broecker, 1997; Schneider, 2004) . Such a warm phase will likely last considerably longer than normal Quaternary interglacials. It is not clear that an equilibrium comparable to that of pre-industrial Quaternary time will eventually resume.
STRATIGRAPHIC CRITERIA
Formal subdivision of the Phanerozoic timescale is not simply a numerical exercise of parceling up time into units of equal length akin to the centuries and millennia of recent history. Rather, the geological timescale is based upon recognizing distinctive events within strata. Time may be divided into specific, recognizable phases in Earth's environmental history (in particular as regards biota, climate, and sea level), akin to the use of royal dynasties to denote periods of human history (e.g., the Victorian period of the nineteenth and earliest twentieth centuries). Such concepts of the "naturalness" of boundaries underlie, for example, the current debates on the positioning of the boundary of the Quaternary period (Gibbard et al., 2005) and on subdivision of the Precambrian (Bleeker, 2004) .
Geologically, units of equivalent rank do not necessarily have to be of equivalent time span, particularly as the present is approached. Thus, the Quaternary, whether its beginning is placed at 1.8 Ma or 2.6 Ma, is by an order of magnitude the shortest period, while the Holocene, at a little under 12,000 calendar years (ICS, 2006) is, by at least two orders of magnitude, the shortest epoch. This inequality has not been seriously disputed, partly because of its practical usefulness. The preceding discussion makes clear that we have entered a distinctive phase of Earth's evolution that satisfies geologists' criteria for its recognition as a distinctive stratigraphic unit, to which the name Anthropocene has already been informally given.
We consider it most reasonable for this new unit to be considered at epoch level. It is true that the long-term consequences of anthropogenic change might be of sufficient magnitude to precipitate the return of "Tertiary" levels of ice volume, sea level, and global temperature that may then persist over several eccentricity (100 k.y.) cycles (e.g., Tyrrell et al., 2007) . This, especially in combination with a major extinction event, would effectively bring the Quaternary period to an end. However, given the large uncertainties in the future trajectory of climate and biodiversity, and the large and currently unpredictable action of feedbacks in the earth system, we prefer to remain conservative. Thus, while there is strong evidence to suggest that we are no longer living in the Holocene (as regards the processes affecting the production and character of contemporary strata), it is too early to state whether or not the Quaternary has come to an end.
GOLDEN SPIKE OR YEARS?
For a new epoch to be formally established, either a GSSP needs to be selected or a date for its inception needs to be accepted, which is then ratified by the International Commission on Stratigraphy (ICS). Because it should be possible to select a stratigraphic unit whose age is known in years, the Anthropocene can be defined simultaneously by both criteria, without the uncertainty that bedevils attempts to date older GSSPs. In theory, a point in a section, or a date, that coincides with the end of the pre-industrial Holocene could be selected. However, given that India and China are currently undergoing their own industrial revolution, the selection of a horizon marking the end of pre-industrial (western) history may be inappropriate. Potential GSSPs and ages should allow stratigraphic resolution to annual level, and may be best located in ice cores or stagnant-lake basin cores.
One may consider using the rise of CO 2 levels above background levels as a marker, roughly at the beginning of the Industrial Revolution in the West (following Crutzen, 2002), or the stable carbon isotope changes reflecting the influx of anthropogenic carbon (Al-Rousan et al., 2004) . However, although abrupt on centennial-millennial timescales, these changes are too gradual to provide useful markers at an annual or decadal level (while the CO 2 record in ice cores, also, is offset from that of the enclosing ice layers by the time taken to isolate the air bubbles from the atmosphere during compaction of the snow).
From a practical viewpoint, a globally identifiable level is provided by the global spread of radioactive isotopes created by the atomic bomb tests of the 1960s; however, this postdates the major inflection in global human activity. Perhaps the best stratigraphic marker near the beginning of the nineteenth century has a natural cause: the eruption of Mount Tambora in April 1815, which produced the "year without a summer" in the Northern Hemisphere and left a marked aerosol sulfate "spike" in ice layers in both Greenland and Antarctica and a distinct signal in the dendrochronological record (Oppenheimer, 2003) .
In the case of the Anthropocene, however, it is not clear that-for current practical purposes-a GSSP is immediately necessary. At the level of resolution sought, and at this temporal distance, it may be that simply selecting a numerical age (say the beginning of 1800) may be an equally effective practical measure. This would allow (for the present and near future) simple and unambiguous correlation of the stratigraphical and historical records and give consistent utility and meaning to this as yet informal (but increasingly used) term.
CONCLUSIONS
Sufficient evidence has emerged of stratigraphically significant change (both elapsed and imminent) for recognition of the Anthropocene-currently a vivid yet informal metaphor of global environmental change-as a new geological epoch to be considered for formalization by international discussion. The base of the Anthropocene may be defined by a GSSP in sediments or ice cores or simply by a numerical date.
